A joint is where two bones come together (Fig. 1; Goldring and Goldring 2005) . Synarthroses are immovable joints. In these joints, a thin layer of fibrous connective tissue connects the bones. The sutures in the skull are examples of immovable joints. Amphiarthroses are slightly movable joints. In this type of joint, the bones are connected by hyaline cartilage or fibrocartilage. The ribs connected to the sternum by costal cartilages, the symphysis pubis, and the intervertebral disks are examples of this type. Most joints in the adult body are diarthroses, or freely movable joints. In this type of joint, the ends of the opposing bones are covered with hyaline cartilage, the articular cartilage, and they are separated by a space called the joint cavity. The components of the joints are enclosed in a dense fibrous joint capsule. The inner layer of the capsule is the synovial membrane that secretes synovial fluid into the joint cavity for lubrication. Because all of these joints have a synovial membrane, they are sometimes called synovial joints (Fig. 1) .
Osteoarthritis (OA) is a disease of joints that affects most of the elderly population, the main features of which are damage of the articular cartilage surface, extensive subchondral bone remodeling, inflammation of the synovial membrane with thickening of the joint capsule, and osteophyte (bone spur) formation at the joint margins (Little and Fosang 2010) . To this day, there is no treatment for the damaged articular cartilage besides the surgical replacement with an artificial joint.
Molecular mechanisms underlying joint formation
are not yet fully elucidated (Kingsley 2001) . A well-studied model of synovial joint formation is the digital ray. Metatarsals; proximal, medial, and distal phalanges; and the joints between the same bones arise from a single condensation called the digital ray. The first indication of joint development in the digital ray is the formation of the interzone, a specialized region of higher cell density within the condensation. The interzone evolves into a three-layered interzone, consisting of two regions of higher cell density sandwiching a region of lower cell density. The cells in the zone of lower cell density progressively disappear, possibly by programmed cell death, thereby forming the joint cavity. The two regions of higher cell density are thought to differentiate into the articular cartilage covering the articular surfaces of the adjacent bones. The joint capsule-i.e., ligaments and synovial lining-and tendons develop from condensations located lateral to the digital ray. Therefore, the integration of endochondral bone development and joint development in the digits results in a functional synovial articulation: two bones whose articular surfaces are covered with articular cartilage, separated by a synovial fluid-filled point cavity, and connected by the joint capsule. Soluble proteins such as GDF5, Wnt14, and Noggin, and transcription factors such as Sox5, Sox 6, and Hif-1a are the main regulators of joint development (Brunet et al. 1998; Storm and Kingsley 1999; Hartmann and Tabin 2001; Provot et al. 2007; Dy et al. 2010) . However, it is still largely unclear how these different signals are integrated to form articular joints.
Like chondrocytes in the developing growth plate, the chondrocytes forming the articular surface of a synovial joint are cells that produce and maintain a unique and abundant extracellular matrix. This cartilaginous matrix has two components: the proteoglycans and the collagens. Collagens provide structure and tensile strength to the matrix (Olsen 1996) . Proteoglycans are macromolecules containing a core protein with multiple attached GAGs (glycosoaminoglycans) (Knudson and Knudson 2001) . Because of their high content of GAGs, proteoglycans are highly hydrated. One of the most important extracellular proteoglycans is aggrecan, the predominant proteoglycan in articular cartilage. Aggrecan forms large aggregates, which give to cartilage its unique gel-like properties and its resistance to deformation. The central component of these aggregates is a long molecule of hyaluronan (Bastow et al. 2008) . Hyaluronan is the only extracellular oligosaccharide that is not covalently linked to a protein, as it is bound to aggrecan in a noncovalent fashion. A link protein that binds to the aggrecan protein and to hyaluronan facilitates this binding. The GAGs attached covalently to aggrecan are keratan sulfate and chondroitin sulfate.
Degradation of aggrecan is an important manifestation of OA (Roughley 2001; Little and Fosang 2010) . Because aggrecan loss from cartilage is an early and reversible event, in vitro and in vivo, and because aggrecan can have a protective role in preventing cartilage degradation, a great deal of research has focused on aggrecanolysis at the molecular level. Aggrecanases are the principal proteinases responsible for aggrecan degradation in articular cartilage (Little and Fosang 2010) . Other critical enzymes involved in the pathogenesis of OA are matrix metalloproteinases (MMPs) (Little et al. 2009 ); aggrecanases are active in the early phase of OA, whereas degradation of the collagenous extracellular matrix of cartilage by MMPs is a later event.
ADAMTS-4 and ADAMTS-5 are the most efficient aggrecanases, and generally have been considered to be the most likely candidates for a role in the pathological mechanisms of OA (Ameye and Young 2006; Little and Fosang 2010) . ADAMTS-4 and ADAMTS-5 are zinc metalloproteinase members of the ''A Disintegrin And Metalloproteinase with Thrombospondin motifs'' (ADAMTS) gene family. They consist of a signal sequence, prodomain, catalytic domain, disintegrin-like domain, spacer region, and thrombospondin motifs (TSP), which help to regulate their activity and substrate specificity. ADAMTS-5 is a very small member of the ADAMTS family, having only two TSP motifs, and ADAMTS-4 is the shortest one, with just one TSP motif. How expression of the metalloproteases ADAMTS-4 and ADAMTS-5 is regulated at the transcriptional level is controversial. ADAMTS-5 is the major aggrecanase in mouse cartilage (Glasson et al. 2005; Stanton et al. 2005 ), whereas it is still unclear whether ADAMTS-5 or ADAMTS-4 is the major aggrecanase in human cartilage (Hardingham 2008; Little and Fosang 2010) . Notably, ADAMTS-5-deficient mice (Glasson et al. 2005; Stanton et al. 2005 ), but not ADAMTS-4-deficient mice, are protected from cartilage erosion in models of experimental arthritis (Glasson et al. 2004; Little and Fosang 2010) . Tissue inhibitor of metalloproteinase-3 (TIMP3) is the most significant endogenous extracellular inhibitor of aggrecanases identified in cartilage (Little and Fosang 2010) . ADAMTS-5 is expressed in many tissues; however, its function in tissues other than cartilage remains unknown (Little and Fosang 2010) .
In this issue of Genes & Development, Miyaki et al. (2010) use mouse genetics to provide solid and strong evidence that miR-140, a microRNA (miRNA) that is almost uniquely and abundantly expressed in chondrocytes (Tuddenham et al. 2006) , has an important role in bone development, at least in part by controlling proliferation. This is the first report that identifies a miRNA with a crucial role in cartilage development and homeostasis in vivo.
miRNAs, development, and diseases miRNAs are 20-to 23-nucleotide (nt)-long singlestranded noncoding RNA molecules that act as transcriptional repressors by binding to the 39 untranslated region (UTR) of the target messenger RNA to be down-regulated (Bartel 2004) . miRNAs were first identified in 1993, when two independent research groups showed that the deletion of the gene lin-4 in Caenorhabditis elegans was necessary for correct post-embryonic development (Lee et al. 1993) . Surprisingly, this gene did not code for a protein, but for a small 22-nt-long RNA, later named miRNA. Studying this RNA fragment, researchers found that lin-4 was complementary to the gene lin-14 and negatively regulated its expression level. However, the importance of these discoveries was not clear until 2001, when a great number of small RNAs with similar functions as lin-4 were found in both vertebrates and invertebrates (Lagos-Quintana et al. 2001; Lau et al. 2001; Lee and Ambros 2001) .
In recent years, miRNAs have become increasingly popular, as they have been found to be involved in a plethora of biological processes and pathological conditions (Pasquinelli and Ruvkun 2002; Garzon et al. 2009 ). miRNAs are mainly transcribed by RNA polymerase II (Fig. 2, step 1) , although transcripts from RNA polymerase III have been reported (Winter et al. 2009 ). Their classic structure is a small gene located in an intergenic region and with an autonomous promoter (Lagos-Quintana et al. 2001; Lau et al. 2001; Lee and Ambros 2001) . The gene is transcribed as a ;70-nt-long transcript that forms an extended stem-loop structure, shaped like a hairpin, with a partial complementary sequence in the stem region, which harbors the future miRNA: This structure is called pri-miRNA. The maturation of the pri-miRNA takes place in the nucleus with the aid of Drosha. This highly conserved RNase III-type enzyme acts together with Figure 1 . Schematic representation of a synovial joint. The diarthrodial joint connects two bones, and it allows their reciprocal movements. Two bony epiphyses are surrounded by a layer of articular hyaline cartilage, and the joint cavity separates them. A tight joint capsule connects the ends of the bone, and its inner layer is made of synovial membrane that secretes synovial fluid into the joint cavity. DGCR8 (DiGeorge critical region 8) protein (Winter et al. 2009 ) to endonucleolytically cleave the hairpin and produce what is called a pre-miRNA (Fig. 2, step 2a) .
A significant number of miRNAs is instead found in polycistronic units, which are clusters of genomic regions that code for more than one miRNA (Fig. 2, step 2b) . These are also formed through Drosha cleavage. A fascinating example is the miR-17-92 cluster, a wellknown oncogene but also a potent developmental regulator (Mendell 2008) . Last, some miRNAs are generated from introns of messenger RNAs, such as miR-140, through a not fully understood mechanism that involves a spliceosome (Fig. 2, step 2c ; Winter et al. 2009 ).
In the nucleus, the pre-miRNA is recognized by Exportin5 (XPO5), and, in complex with Ran-GTP, is transported to the cytosol through the nuclear pore complex (NPC) (Fig. 2, step 3) . The cytoplasmic RNase III Dicer exerts its action on the pre-miRNA (Fig. 2, step 4) by cutting the loop and leaving the miRNA:miRNA* duplex with 2 nt protruding at each 39 end (Fig. 2, step 5 ; Winter et al. 2009 ).
The miRNA action takes place within the miRNAinduced silencing complex (miRISC). Specific ATPdependent helicases can unwind the miRNA duplex, although helicases are not strictly necessary because the protein Argonaute 2 (Ago2) facilitates uncoiling and loading on the RISC (Fig. 2, step 6 ; Winter et al. 2009 ). Theoretically, both strands can generate two mature miRNAs, but usually only the one with the thermodynamically less stable 59 end is incorporated into RISC, while the other strand is degraded. Once the miRISC: miRNA complex has paired with its target mRNA 39 UTR (Fig. 2, step 7) , it can act as a translational repressor or it can degrade the target mRNA. The crucial nucleotides in the miRNA sequence are usually at positions 2-8, called the miRNA seed, which are almost perfectly complementary to 39 UTR elements (Bartel 2004 ). Step 1) miRNAs are transcribed mainly by polymerase II. miRNA transcribed from genes (step 2a), polycistronic clusters (step 2b), or the intronic region (step 2c), called pri-miRNAs, and in the first two cases are then processed by the type III RNase Drosha. ( Step 3) The newly formed stem-loop structure, pre-miRNA, is recognized by the XPO5, Ran-GTP complex, and is transported to the cytoplasm through the NPC. Dicer cleaves the loop (step 4), leaving a double-strand fragment, the miRNA:miRNA* duplex (step 5). The blue stand is the future mature miRNA, while the red strand is its antisense miRNA*. The duplex is then unwound and loaded into the miRISC complex (step 6) where it recognizes and anneals to its mRNA target 39 UTR (step 7). The messenger RNA:miRISC complex mediates translational repression (step 8a) and mRNA decay (step 8b). For more details, see the text.
miR-140, chondrocytes, and joints
Translation can be repressed by blocking both the assembly of the translational machinery and the synthesis of nascent polypeptides (Fig. 2, step 8a) . The miRISC complex contains Ago2, which competes with the initiation factor eIF4E for binding the mRNA Cap, as well as the anti-association factor eIF6, which inhibits the assembly of the ribosomes on the mRNA (Wu and Belasco 2008) . Premature termination of polypeptide synthesis and degradation of the newly formed chain also contribute to translational inhibition, but those processes are not fully understood. Conversely, decay of target mRNA is achieved by endonucleolytic cleavage of mRNA by Ago2-if there is an almost perfect pairing of the miRNA seed:mRNA region-or by RISC-mediated targeting of the 39 polyA tail to make it susceptible to deadenylase action (Fig. 2, step 8b ; Wu and Belasco 2008) . The inhibition of translation by miRNA represents a dynamic fine-tuning, as opposed to mRNA decay, which is an irreversible-albeit more efficient-mechanism of posttranscriptional down-regulation.
A detailed description of miRNA biogenesis and posttranscriptional action goes beyond the purpose of this perspective, as excellent reviews on the topic have been published (Bartel 2004; Wu and Belasco 2008; Winter et al. 2009 ).
miRNAs belong almost exclusively to Metazoan genomes, although it was reported recently that a unicellular green alga, Chlamydomonas reinhardtii, also has miRNAs (Zhao et al. 2007 ). The number of miRNAs correlates with the complexity of the organism in which they have been identified, and, even among vertebrates, miRNA evolution reflects their taxonomic hierarchy, with an increase in number of miRNAs in primates over other orders (Peterson et al. 2009 ). According to the microRNA.org data resource (http://www.microrna.org), as of April 2010, 677 miRNAs have been identified in humans and 491 in mice (Betel et al. 2008) , while miRBase (http://www.mirbase.org) reports 721 human miRNAs and 579 murine miRNAs (Griffiths-Jones et al. 2008) . miRNA genes are generally conserved, continuously added, and almost never lost in the genome. In very primitive organisms, the appearance of new miRNAs correlates well with the evolution of new organs or tissues (Christodoulou et al. 2010) . Consistent with this observation, the earlier the miRNA appeared in the genome, the higher it is expressed and the more essential it is for survival of the organism (Peterson et al. 2009 ).
miRNAs are essential for development and organogenesis. The significance of miRNA regulation in the developing embryo was revealed by the universal knockout of Dicer and Argonaute, respectively, in mice (Bernstein et al. 2003; Liu et al. 2004) .
Loss of Dicer in mice results in embryonic lethality at embryonic day 7.5 (E7.5) (Bernstein et al. 2003) . Argonaute loss gives rise to severe developmental defects by E10.5 (Liu et al. 2004 ). The generation of conditional Dicer knockouts in different organs has unveiled the essential developmental roles of miRNAs. An excellent example is the knockout of Dicer in limb mesenchyme (Harfe et al. 2005; Kobayashi et al. 2008 ).
Embryonic stem (ES) cells, which display a unique set of miRNAs (Houbaviy et al. 2003) , do not properly differentiate when the miRNA processing machinery is impaired (Kanellopoulou et al. 2005) . For an extensive discussion of miRNAs in development, please see the review by Stefani and Slack (2008) .
In the musculoskeletal system, miR-1 and miR-133 are muscule-specific miRNAs (Chen et al. 2006 ). Many putative targets of miR-1 have been identified, including transcription factors that regulate proliferation versus differentiation, such as histone deacetylase 4 (HDAC4), and the overall result of miR-1 expression is muscular differentiation. miR-133 is transcribed along with miR-1 transcripts, but its expression has an opposite outcome on myogenesis, as it increases overall proliferation and decreases myocyte differentiation, suppressing muscle gene expression through the repression of the serum response factor (SRF) (Chen et al. 2006) . The opposite action of those closely related miRNAs has provided important insights about the delicate balance and the profound complexity of this regulatory system.
miR-140
The miRNA-140 gene is located between exons 16 and 17 of the E3 ubiquitin protein ligase gene Wwp2, on murine chromosome 8 and the small arm of chromosome 16 in humans. It was first reported that this miRNA is prevalently expressed in cartilage during both long and flat bone development (Tuddenham et al. 2006) . The first study involving miR-140 reported that HDAC4 was down-regulated by this miRNA (Tuddenham et al. 2006) . In following studies, it was proven that chemoresistance of osteosarcoma tumor xenografs was mediated in part by the miR-140-dependent suppression of HDAC4, along with induced expression of p52 and p21 (Song et al. 2009 ). Conversely, in gliomas, miR-140 overexpression correlated with tumor malignant progression (Malzkorn et al. 2009 ).
miR-140 and OA
In recent years, a putative role for miRNAs in the pathogenesis of OA has emerged Yamasaki et al. 2009; Akhtar et al. 2010) .
In a previously published study, Asahara and colleagues ) had shown that normal human articular cartilage expresses miR-140, that this expression is significantly reduced in OA tissue, and that in vitro treatment of chondrocytes with IL-1b, a cytokine classically involved in the pathogenesis of OA, suppresses miR-140 expression. Conversely, transfection of chondrocytes with miR-140 down-regulates IL-1b-induced ADAMTS5 expression ).
The same group now reports in this issue of Genes & Development that miR-140 has a critical role in the pathogenesis of OA by a mechanism that could at least partly involve the regulation of ADAMTS5. With a series of elegant in vivo experiments and state-of-the-art mouse genetics, Miyaki et al. (2010) provide solid and clear evidence that, although miR-140 is not required for the formation of the articular surface cartilage, universal knockout of miR-140 predisposes to age-related OA changes, and, conversely, overexpression of miR-140 in chondrocytes protects from OA. The study is important and highly significant for numerous reasons. It demonstrates for the first time that miRNAs control articular cartilage homeostasis in vivo; it thus provides a novel insight into the mechanisms that govern articular cartilage regeneration, and has potentially important therapeutical implications. More generally, it expands our understanding of the role of miRNAs in physiological tissue homeostasis and in pathological conditions. Last, it shows convincing experimental evidence that ADAMTS5 mRNA is a target of miR-140, opening a new window to the still mysterious mechanisms that regulate expression of this aggrecanase. Researchers are now left with the challenge of proving unequivocally that it is indeed the miR-140-dependent regulation of ADAMTS5 mRNA in articular surface chondrocytes that is the main molecular mechanism mediating the critical role of miR-140 in the pathogenesis of OA. In this regard, the study by Miyaki et al. (2010) does not go beyond correlation, although it is still an extremely important and elegant contribution to the field.
miR-140 and growth plate development
In the same study, Miyaki et al. (2010) also report that mir-140 has a nonredundant role in growth plate development.
Skeletal development depends on two mechanisms: intramembranous and endochondral (Karsenty and Wagner 2002) . The first, in which mesenchymal cells develop directly into osteoblasts, is involved in the formation of the flat bones of the skull. The second, accounting for the development of most other bones, involves a twostage mechanism whereby chondrocytes form a matrix template-the growth plate-that is then replaced by bone. During endochondral bone development, growth plate chondrocytes undergo well-ordered and controlled phases of cell proliferation, maturation, and death. Proliferative chondrocytes synthesize collagen type II and form a columnar layer; they then stop proliferating, and differentiate into post-mitotic hypertrophic cells. Hypertrophic chondrocytes predominantly express collagen type X and mineralize their surrounding matrix. This unique differentiation process is followed by the death of hypertrophic chondrocytes, blood vessel invasion, and finally replacement of the cartilaginous matrix with bone (Kronenberg 2003) .
It has been shown already that miRNAs are critically involved in limb development. In particular, conditional deletion of Dicer in limb bud mesenchyme at early stages of embryonic development leads to formation of a much smaller limb as a consequence of massive cells death (Harfe et al. 2005) , whereas lack of Dicer exclusively in chondrocytes impairs chondrocyte proliferation and accelerates their differentiation in fetal growth plates (Kobayashi et al. 2008 ). Miyaki et al. (2010) now show that universal knockout of mir-140 leads to mild dwarfism, probably as a result of impaired proliferation. The phenotype-although definitively mild-is still significant. Interestingly, lack of miR-140 does not recapitulate lack of Dicer in chondrocytes, suggesting that other molecules other than mir-140 could be critical downstream targets of Dicer in regulating chondrocyte biology. Intriguingly, overexpression of miR-140 does not appear to affect cartilage development in any way. How mir-140 deficiency even modestly impacts chondrocyte proliferation is yet to be resolved.
